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ABSTRACT Proton decoupled deuterium NMR spectra of oriented bilayers made of DMPC and 30 mol % deuterated
cholesterol acquired at 76.8 MHz (30°C) have provided a set of very accurate quadrupolar splitting for eight C-D bonds of
cholesterol. Due to the new precision of the experimental data, the original analysis by Dufourc et al. (1984. Biochemistry.
23:6062-6071) had to be reconsidered. We performed a systematic study of the influence on the precision and uniqueness
of the data-fitting procedure of: (i) the coordinates derived from x-ray, neutron scattering, or force field-minimized structures,
(ii) internal mobility, (i) the axial symmetry hypothesis, and (iv) the knowledge of some quadrupolar splitting assignments.
Good agreement between experiment and theory could be obtained only with the neutron scattering structure, for which both
axial symmetry hypothesis and full order parameter matrix analysis gave satisfactory results. Finally, this work revealed an
average orientation of cholesterol slightly different from those previously published and, most importantly, a molecular order
parameter equal to 0.95 = 0.01, instead of 0.79 = 0.03 previously found for the same system at 30°C. Temperature
dependence in the 20-50°C range shows a constant average orientation and a monotonous decrease of cholesterol S,
with a slope of —0.0016 K~ '. A molecular order parameter of 0.89 + 0.01 at 30°C was determined for a DMPC/16 mol % of
cholesterol.

INTRODUCTION

Cholesterol is a major component of plasma membranemolecular order parameter, S of cholesterol in egg PC and
where it plays a reinforcing role. Its condensing effect ondimyristoylphosphatidylcholine (DMPC) bilayers. Their
the lipid fatty acids was demonstrated by several techniqueanalysis was based diH-NMR experiments of deuterated
and authors (Worcester and Francks, 1976; Stockton ancholesterol embedded in unoriented membranes and calcu-
Smith, 1976; Delmelle et al., 1980; Deinum et al., 1988;lations using x-ray coordinates of cholesterol derivatives. It
McMullen et al., 1993; McMullen and McElhaney, 1996). was found that 50 mol % cholesterol had g,S0f 0.87 in
Cholesterol-lipid interactions are responsible for these propegg PC and 30 mol % cholesterol ggof 0.80 in DMPC
erties and depend on cholesterol structure, localization, oriat room temperature. Their work has provided for many
entation, and dynamics in the membrane. Cholesterol’s velyears a reference for orientation and dynamics of choles-
tical localization, studied largely by x-ray, neutron terol and has been used for comparison with other tech-
diffraction, and®H NMR, is such that its OH group is niques such as neutron scattering (Bloom and Bayerl, 1995;
positioned in the vicinity of the phospholipid glyceroester Douliez et al. 1996), NMR relaxation times analysis (Duf-
region and its fused ring system is near the fatty acidourc et al., 1992; Bonmatin et al., 1990), and molecular
(Franks and Lieb, 1979; Worcester and Francks, 1976¢gynamics simulations (Gabdoulline etal., 1996). Since then,
Leonard and Dufourc, 1991; Dufourc et al., 1984, 1992;significant methodological improvements in deuterium
Douliez et al., 1995, 1996; Pott et al., 1995; Faure et al. NMR of lipid bilayers have occurred, such as the use of
1996). Due to its amphipathic properties, cholesterol isoriented lipid bilayers (Jarrell et al., 1987) and proton de-
oriented within a lipid bilayer with its long axis normal to coupling (Jarrell et al., 1988). These methods allow the
the membrane surface. The polar hydroxyl group pointgletermination of quadrupolar splittings with a much higher
toward the bilayer surface and the rigid nucleus interactsesolution and accuracy than could be obtained using pow-
with the phospholipid acyl chains in order to optimize der spectra. After performing such measurements with deu-
hydrophobic interactions. terated cholesterol, we realized that the original analysis had
In the early 1980s, Taylor et al. (1981) and Dufourc et al.to be reconsidered because no correct agreement between
(1984) determined by deuterium NMR the orientation andexperimental and calculated quadrupolar splittings could be
obtained. Several possibilities were considered as possible
sources of systematic error in the analysis, as discussed
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MATERIALS AND METHODS a)
Deuterated cholesterol

The A5-[2,2,3,4,4,62Hg]cholesten-B-ol was synthesized by a modifica-
tion of a reported procedure (Gruenke and Craig, 1979) and the synthesis
is detailed in the publication of Dufourc et al. (1984).

The A®-[6,7,7°H]cholesten-B-ol was prepared according to the
method of Goad et al. (1982), starting from,8a-cyclocholestan-6-one
whose synthesis is detailed in the publication of Palmer et al. (1978). The H3
A5-[6,7,7°H ]cholesten-3-ol was characterized by electron impact mass
spectrometrymyz as follows: 389[M]", 374[M-CH,]*, 371[M-H,0]",
356[M-H,0-CH,] ", 303, 275, 246; and b{H NMR(CDCL,) as follows:8
0.72 6, H-18), 0.89 (I, H-26 and H-27), 0.92d, H-21), 1.2 6, H-19), 3.7 b) z
(m, H-3a).

H7a

Oriented bilayers

Bilayers of oriented lipids were prepared by stacking 60 circular cover slips
(diameter 0.5 cm and thickness 0.15 mm, Polylabo, Strasbourg, France) in
a NMR Kelef tube (7-mm OD, 25 mm long). The normal to the plates was
placed at 90 degrees with respect to the magnetic field. The cover slips
were first pickled overnight in fuming nitric acid, then rinsed carefully and
dried overnight at 40°C. The lipid mixture was then spread on the surface
of each glass. It consisted of a solution of 70 mol % of DMPC (8.1 mg,
Sygena Lipids, Inc.) and 30 mol % of deuterated cholesterol (2 mg) in 730
wl of filtered 2-propanol (Teflon filters, 0.2m, Millipore, Paris, France).

The lipid surface density was 0.7 mg/EnAfter solvent evaporation undel o RE 1 Representation of the axis system linked to the cholesterol

vacuum overnight, the plates were stacke_d‘ into_ the NMR Kelef_ tube. The Jiecule and of the various angles used in the calculatia)sRings A
||_p|ds were then hydrated at 37_ C by eqwhbrauqn overmght with deute'and B of cholesterol, numbering of labeled hydrogen atoms, and definition
rium-depleted vapor water (Aldrich Inc., St.Quentin Fallavier, France) and

’ > of the reference frame (C3, X, y, z) used in the simulations (same as in
before the NMR analyses, /@ of deuterium-depleted water were added in Dufourc et al., 1984).H) Position in the reference frame @t), the

the tubg to epsure excess humidity. Such a procedure ensures a b“aylﬁgtantaneous rotation axis of cholesterol Npfthe bilayer normal (His

plane orientation pa;rallel to that gf the plates. Two samples were preparedy,q of the eight labelled positions) and definitions of the angeg){ the

one containing the\™[2,2,3,4,4,6%Hg|cholesten-B-ol and the other with  h,ar coordinates ofi(t), 6, used in the axial symmetry hypothesis, and of

the A™[6,7,7<Hg|cholesten-B-ol. angles®; andys, used in the non axially symmetric treatmed, (@, i,
and ¢, are defined similarly).

°H NMR

Spectra were recorded at 30°C on a Bruker AMX500 spectrometefyhich a value of 175 kHz was used, as in Dufourc et al. (198 o iS

(Wissembourg, France), with proton decoupling in a solid state probehe order parameter describing the degree of order and orientation of the

equipped with a solenoid coil doubly tuned for deuterium (76.77 MHz) andbilayer normal & —0.5 in our case, i.e. for bilayers oriented at 90 degrees),

proton resonances. Quadrupolar echoes were obtained by using two 9@y | is the molecular order parameter of choleste®y, is a local order

pulses of 3.6us width with interpulse delay of 43s, repetition rate of 1 s parameter to account for internal motions within the cholesterol structure

(to prevent excessive heating of the sample), and sweep width of 500 kHzyhich may be estimated from molecular dynamics simulati®s € 1, if

the number of scans was 20 K. Proton decoupling was performed duringhe ring system is assumed to be rigid), ahds the angle between the

acquisition with a decoupling power of 20 kHz. C-2H, bond and the axis of motion. Given the coordinatgsi, n;) of the
C-?H, bond in a reference frame (C3, x, y, z) linked to the cholesterol rigid
backbone, chosen as in Dufourc et al. (1984)s given by:

Simulation of quadrupolar spectra and fitting to

experimental data cos6, = (l;-cosy-sinB + m;-siny-sinB @
Two approaches have been employed in order to simulate the experimental + n;- cosB)/ \ ,2 + mz + niz

data (see Fig. 1 for definitions of angles and axes):
wherep andvy are the polar coordinates of the symmetry axis of motion in
the reference frame. In this approadh, i, n;) are taken from a structure
Axial symmetry of cholesterol which may be determined by x-ray diffraction (Dufourc et al.
used the structure determined by Sawsik and Craven (1980)), or other
In the first approach, we assumed perfect axial symmetry of tifél C-  means which will be discussed later, and the unknowns are thergfgre
segments’ motions and followed the analysis of Dufourc et al. (1984).andS,,.,. From the determination of several quadrupolar splittings in a rigid

Briefly, the quadrupolar splitting of a particular & bond is given by: molecule, one can thus extract these numbers.
For a given cholesterol structure, coordinates ofHz-vectors were
3 .3 C0§0i -1 extracted from the corresponding file of atomic coordinates and used to
A= 5 A" Sy S Soe” 5 (D) | e coupl
2 layer ol ~loc 2 calculate cog values for all eight CH, vectors for which coupling

constants were measured. For each pair of valgesg)( which were varied
whereA, is the static deuterium quadrupolar coupling constant (assumedystematically in 1° increments, we calculated theoretical quadrupolar
to be 170 kHz for all C3H, bonds except the double bond in posit@rfor splittings, ranked them by increasing order, normalized them by dividing
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by their highest value, and compared them with experimental values ranked ) 1 ) )
and normalized in an identical way. This normalization was performed to a=5, o= 3 Ay — A — A,
eliminate theS,,,, value, which by definition is the same for all the?8-

bonds linked to the rigid fused ring system. The output was filtered

according to two criteria, the first of which is the maximum allowed error a =S, ol = ilA;(

do: for all i, d; < dy, whered, = [RF° — R®F?, with R™® = [(Avg)™Y STy 3T 3T

(Ave)2d), andR™ = |(Avg)Y(Ave)ad. The second sorting criterium is

the average error, RMSD, defined asnl/A 1)V=""ld, n being the 4

number of quadrupolar splittings measured (8 in our case). The average is =S, CI>'4 = é A;(Z

calculated by dividing byr( — 1) because one value dfis equal to zero.

After selection of acceptable solutions f@#,{), the assignment],,,., (the

largest value off;, d.., < dg), the RMSD, and 3, are calculated. The _ dL = ‘j i

possibility is offered to specify some assignments and local order param- 8 = S/Z 573 AYZ

etersS,. when these are known.

A total of six structures were explored in this way: three structures of For a given cholesterol structure, coordinates ofHCvectors were
cholesterol analogs determined by x-ray crystallography, one structurextracted from the corresponding file of atomic coordinates and used to
determined by neutron diffraction, and two structures minimized with calculate direction cosines and geometric factogsfér all of the eight
different force fields (CFF91 and CHARMM). A program performing this C-H vectors for which quadupolar splittings were measured. Next, for a
task has been developed in our laboratory in C and runs on a Silicoiset of accepted assignmentsy, were computed. Finally, differences
Graphics Indy workstation (and standard UNIX platforms) and is availablebetween calculated and observed quadrupolar splittings were used to assess
from the authors. the error level for this particular configuration. Because only the absolute

values of the quadrupolar splittings are measured, there remains an ambi-

guity about the sign of each coupling. Therefore all sign combinations were
No axial symmetry tested, which for 8 CH vectors resulted in2= 256 variants for each

assignment. However, because few of the assignments are certain, we
The second approach, which did not rely on the assumption of axialjecided to explore all the possibilities systematically. The total number of
symmetry, was based on the full order parameter matrix analysis. It can bggriants due to different assignments is-840,320, which, combined with
shown that the expression describing the quadrupolar line spliftings 256 sign options, gives a total of 10,321,920 configurations tested for each
given by: structure. A total of four structures were explored in this way: three

3 1 cholesterol structures minimized with different force fields (CHARMM,

_ - BN T A A _ CFF91, and ESFF) and a structure resulting from a neutron scattering
A = 2AQSJiIayer {AZZSZZ+ 3(Ax" A (Se = Sy) study. The program performing this task has been developed in our
(3) laboratory. It has been written in Fortran 77 and runs on a Silicon Graphics

Indy workstation. The source code is available from the authors.

4 . :
+ § (ny&y + A;(ZS(Z + Nyszz)}

(Emsley, 1985; Sanders and Prestegard, 1991; Hong et al., 1995). TIBESULTS
eometric factorgy, (k,| = X,y,z) can be computed in the chosen molec-
glar frame of coc?alirgates as):/ ) P *H NMR data
 3cosdlcosdi — 8y Tp determine the cholesterol reorientation axis in DMPQ
A, = 5 (4) bllayers', two deuterated molecules were embeddeq in ori-
ented bilayers?’H NMR spectra of the 90°-oriented bilayer
where cos$l) are direction cosines specifying the orientation of 8H;- gontalnlng either [6,7,'?H3]chole§terpl or [2,2,3,4,4,6-
bond with respect to the molecular fixed frame, aigis the Kronecker ~ “Hglcholesterol are represented in Fig. 2. The use of the
symbol @, equals 1 ifk = 1 and 0 otherwise)S, are molecular order  oriented bilayers and proton decoupling during acquisition
parar_neters describing the average order of molecular axes with respect @rovided an important reduction in linewidth and a much
the bilayer normal. They are given by better resolution, as compared with standdNMR pow-
3 cosycosy — &y der spectra obtained with liposomes (compare Fig. 2 in this
| = < 5 > (5)  paper with Fig. 3 in Dufourc et al., 1984). All six individual
quadrupolar splittings could thus be resolved with
wherey,, (k = x,y,z) characterize the orientation of the molecular frame [2,2,3,4,4,62H6]cholesterol, and a total of eight values were
with ‘re_spect to the bilayer normal. Using the fact_ that the prder param‘etebbtained using both sterols (Table 1). These quadrupolar
g?rtrzl:x is traceless (Emsley, 1985), we can rewrite Eq. 5 in the followmgSplittings could be measured with a relative precision of
<2% for the smallest quadrupolar splitting aad % for the
3 5 others, considering the digital resolution (30 Hz/Pt), the
Ay, = _ZAQ Eap@‘p (6) linewidth (500 Hz), and the good signal-to-noise ratio.
p=1 Furthermore, six independent measurements were realized
at 30°C on three separate samples and the quadrupolar
Sg)blittings were found to be within these ranges in every
case. These experimental errors were used as a basis for
determining agreement between the simulated and experi-
mental data. Since both sterols had deuterium in position 6,
they provided a direct proof for the assignment of this

to which the generalized least squares analysis (Press et al., 19_92) is ea
applicable. The unknown parameteas and the base function®,, are
defined as follows:

o1 . .
31:S<x (Dl:ng(ALx_Alyy)_Alzz
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cholesterol) about the bilayer normal. This axis of diffusion
a) has been confirmed by examination of the angular depen-
dence of quadrupolar splittings as a function of the bilayer
orientation (Jarrell, 1987).
First, we analyzed the data assuming tBgt = 1, i.e.
without internal mobility within the four rings of choles-
U terol. For each set of coordinates, we selected the best pair
of B,y angles, and we evaluated the agreement between
simulated and experimental spectra, which was reflected by
two parametersV d,.,, the maximum error, and RMSD,
b) which represents the average error over the eight quadru-
polar splittings. We first performed these calculations with-
out any assumption concerning the assignments (Table 2).
Because we knew from our experiment the assignment of

deuterons 6, 7a, and 7e (with a possible permutation be-
U tween the last two), we then selected the subset of solutions
which were in agreement with the known assignments (Ta-
, ‘ , , , , , ble 3). It clearly appears that no correct solution can be
30 20 10 0 -10 -20 -30 kHz found on the basis of the x-ray structure originally used by

Dufourc et al. (1984). Indeed, although an approximate
FIGURE 2 Proton decoupledH NMR spectra of 90 degrees oriented solution may be found without assignments (RMSBH
bilayers of DMPCS: containingZSO mol % of deuterated cholestem)l. ( 4.7%), when imposing an assignment compatible with our
Z‘;YE’: gsf_fﬁj]l;me's[féﬁ’;if’6'H6]°h°|85te”'3'°|' (b) Upper spectrum,  yata, the RMSD (19%) and the maximum error (36%) are

v ' not acceptable. Because we suspected that the poor accuracy

of hydrogen coordinates derived from the x-ray structure
position and a way of ensuring that both spectra werecould be one cause of this discrepancy, we searched for
acquired at identical angles and hydrations, thus giving théigh-precision structures of cholesterol analogs (which do
same quadrupolar splitting for position 6. In the two spectranot differ from cholesterol at the level of rings A, B, and C)
of Fig. 2 a and 2b, the two deuterons in position 6 are in the Cambridge crystallographic database (Allen et al.,
clearly assigned to the smallest,, showing that position 1983). RX-1983 (see Table 2 for the definitions of these
6 is almost at magic angle 54.7° with respect to the molecstructure names) and RX-1994 were among the highest-
ular rotation axis. The axial deuterons (2a, 4a, 3) are almogtrecision structures (lowest R factor, low temperature x-ray
parallel and form a similar angle with the rotation axis of diffraction) that we found. It can be seen from Tables 2 and
cholesterol. Equatorial deuterons should form a secon@ that although the results did improve significantly (max-
group, and finally there remain two deuterons in position 7imum error of 7.9%, RMSD of 4.4% for RX-1994, with
that display large quadrupolar splittings as shown in Fig. Zorrect assignments), we were still far above experimental
b and Table 1. precision. Coordinates derived from molecular mechanics,
using two different force fields (cff91, the force field de-
veloped by MSI Inc. (Discover), and CHARMM, the stan-
dard force field developed by M. Karplus) were also tested;
it is apparent from Tables 2 and 3 that the results are not any
This hypothesis is classically made for lipid bilayers in thebetter.
liquid crystalline phase, in agreement with the observation We finally tested a structure of a cholesterol analog,
of experimental spectra which present lineshapes typical ofalled neutrons in Tables 2 and 3, which was determined by
axially symmetric movements. This symmetry arises fromneutron diffraction at low temperature (123 K, McMullan et
the fast axial diffusion of the molecules (phospholipids andal., 1992). Because the scattering length of hydrogen in

Analysis with the axial symmetry
hypothesis at 30°C

TABLE 1 Quadrupolar splittings for cholesterol C-2H bonds in DMPC membranes

Avg (kKHz)
Known assignments* 6 7e or 7a 7e or 7a
30 mol % cholesterol 3.22 31.34, 45.74 47.49 48.06 50.84 53.65
33.93
16 mol % cholesterol 2.27 30.19, 45.19 48.61 n.r.
31.42

Bilayer normal oriented at 90° with respect to the magnetic figlek 30°C. n.r., not resolved.
*The partial assignment here is based on the comparison between the spectra obtained with the two labeled cholesterols.
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TABLE 2 Analysis of six different cholesterol molecular structures within the axial symmetry hypothesis

Y B
Structures @) @) Shol = 0.01 Vdax (%) RMSD (%) Assignment
RX-1980* 70 37 0.86 8.0 47 7e,2a,4a,7a,2e,3,4e,6
RX-1983 40 19 0.89 3.7 2.2 2e,7e,6,3,4e,7a,4a,2a
RX-1994 228 10 0.92 7.7 4.2 4e,2e,6,7e,3,2a,4a,7a
Neutrong 9 11 0.96 2.4 1.1 6,4e,2e,4a,7e,7a,2a,3
MM-cffo1! 12 10 1.01 3.0 1.8 6,4e,2e,7e,4a,2a,7a,3
MM-CHARMM 121 23 0.96 6.1 2.6 7e,6,2e,4e,3,4a,2a,7a

Calculations performed withod,. (i.e. internal mobility) and without restrictions on the assignments.

S.o» Molecular order parametey, d,,.,, maximum error; RMSD, mean error between experimental data and theoretical values (defined in Materials and
Methods); assignment, each number corresponds to a specific deuterium as shown in Fig. 1, by order of idorga$ing assignment is an output of

the simulation, which explored systematically all possible assignments.

*RX-1980: cholesterol laurate (Sawsik and Craven, 1980); x-ray structure used in Dufourc et al. (1984).

#RX-1983: 1&-phenyl-androst-5-eneg3178-diol (Weeks et al., 1983), x-ray structure.

SRX-1994: 1&-benzyl-5-androst-5-eneB31L78-diol (Stankovic et al., 1994), x-ray structure.

Neutrons: [20-CQJ-methylpregnene-3,20-diol (McMullan et al., 1992), structure obtained by neutron diffraction at 123 K.

IMM-cff91 and MM-CHARMM: structures obtained by minimization of the RX-1980 structure using the force field cff1 (present in the Insight molecular
modeling package, MSI, Inc., Orsay, France), and the charmm force field (standard force field developed by M. Karplus).

neutron scattering experiments is comparable in magnitud&g]cholesterol instead of 30 mol %. When the amount of
to that of heavy atoms, hydrogen positions are expected toholesterol was reduced by half, all the quadrupolar split-
be determined with much better accuracy by neutron thatings of the C2H link obtained were smaller (Table 1). The
by x-ray diffraction, and therefore the &, vector coordi-  results obtained with the neutrons structure were close to
nates are expected to be very accurate. Tables 2 and 3 shdkose with 30 mol % cholesterol, i.ey,(8) = (10°, 11°), an
that indeed the agreement between experiment and simula&entical assignment, and a smal&r,,, shifting from 0.96
tion is then excellent; the rmsd (1.2%) is below the experwith 30 mol % of cholesterol to 0.89 with 16 mol % and
imental error. It should be stressed that, only in this case, thehowing, as expected, a higher mobility with a lower
best solution in terms of rmsd gave almost the correcemount of cholesterol.

assignment (actually with a small inversion between deu-

teron 4a and 7e, which have very close quadrupolar split-

tings, and with very similar values f@ and y angles).

The introduction of internal mobility did not improve the
fittings. S, were estimated from molecular dynamics sim- Temperature dependence of the spectra was investigated
ulation of cholesterol in vacuo, using both cff9l andbetween 10°C and 50°C. At 10°C a drastic loss of resolution
CHARMM force fields. However, in both caseS,. <0.94 and sensitivity was observed, as was already noted on
were found, which is not compatible with the value powder spectra of DMPC-30 mol % cholesterol (Dufourc et
Simol-Soc = 0.96 obtained in Table 3, because it would al., 1984). This loss of axial symmetry in the spectrum
imply S, > 1. Such lowS,. value may be due to the fact corresponds to a phase transition to the, Iphase (liquid
that the simulations were performed in vacuo. We did notordered gel-like phase), which has been observed to be
continue our analysis in this direction because the experieompleted below 25°C for a DPPC-30 mol % cholesterol
mental accuracy was not sufficient to discriminate amongoilayer (McMullen et al., 1995) and may be estimated to be
several models of internal mobility. completed below 10-15°C for a DMPC-30 mol % choles-

We have also tested, at the same temperature of 30°@erol bilayer (McMullen et al., 1993). Between 10°C and
DMPC bhilayers containing 16 mol % of [2,2,3,4,4,6- 50°C spectra similar to those of Fig. 2 have been observed,

Temperature dependence

TABLE 3 Analysis of six different cholesterol molecular structures within the axial symmetry hypothesis and a restriction on
the assignment of deuterons 6 and 7

Structures v (°) B () Shot = 0.01 Vdax (%) RMSD (%) Assignment (6, 7e, and 7a imposed)
RX-1980* 132 16 0.82 36 19 6,2e,4e,7¢,3,7a,2a,4a
RX-1983 2 14 0.87 8.9 5.7 6,2e,4e,7e,3,7a,4a,2a
RX-1994 350 8 1.00 7.9 4.4 6,2e,4e,7e,4a,7a,2a,3
Neutrond 11 11 0.96 2.1 1.2 6,4e,2e,7¢e,4a,7a,2a,3
MM-cffo1! 161 29 1.80 18 13 6,2e,4e,7e,3,7a,2a,4a
MM-CHARMM 156 5 0.92 24 14 6,2e,4e,7e,3,7a,2a,4a

For legend, see Table 2.



356 Biophysical Journal Volume 76 January 1999

1 T order parameter matrix could be diagonalized to obtain the
I order parameters of the principal molecular axes with re-
0.08 L ] spect to the bilayer normal. The best result found (error
- 0.96%) yielded the following values of the diagonalized
- n order parameter matrix:
0968 - ]
Ug) . (Sw Sy» S) = (—0.48,—0.46, 0.94,
094 1 " _ ] from which it follows that the asymmetry parameter=
i ] 0.02, indicating that the studied system has a nearly perfect
0.92 |- " axial symmetry, within experimental accuracy. Moreover,
the orientation of the molecular fixed frame with respect to
09 Lo ; ! T the principal axes can be deduced from the data (see Fig. 2).
15 20 25 30 35 40 45 50 55 The two anglesy and 8 were found to be 7.4° and 12.0°,
Temperature (°C) respectively.

FIGURE 3 Evolution of the molecular order parameter of cholesterol
Sho @s a function of temperature, for bilayers made of DMPC-30 mol % DISCUSSION

cholesterol. . . .
The two approaches, with and without axial symmetry as-

sumption, were thus in excellent agreement, vWith, =

with a monotonous reduction of the quadrupolar splittingso'96 (axial) and 0.94 (no axial symmetry), and §) =

when the temperature is increased. Analysis of the datglkll) ("’.IX'aI) "’?”f' (7,12) Eno E.itXIaI symmgtgl)/).t t
within the axial symmetry hypothesis and using the neutro ssuming axial symmetry, it was possibie to generate

n .

structure showed no modification of the average orientatior(ij""ta showing the dgpendence of RMSD error on these two
of cholesterol over the whole temperature range (constarﬂngles' Thus_ obtained, sparse data were fed to anothgr
values fory and) and a monotonous decreaseSaf, from program, which _generated contours by means of Voronoi

0.97 (20°C) to 0.92 (50°C), as illustrated in Fig. 3. Accord- [ESS€lation algorithm (Watson, 1982). The results are shown
ing to the temperature composition diagram of a pmpc/" Figs. 4 and 5. Fig. 4 presents the RMSD error level
cholesterol mixture (McMullen et al., 1993, 1995), this

contours in the general case, in which no restrictions on
temperature range spans the entire coexistence region g§3|gnments have been imposed. It can be seen that several
Lo, (liquid ordered liquid-crystalline) anddg phases. As

regions exist in which errors are relatively low and which
seen from deuterium NMR (microsecond time scale o

fcorrespond to different molecular frame orientations. There
averaging), one population of cholesterol molecules is ob-eX'Sts’ hr:)\;\r/]ever, oqu or;e”regé)on n (:Vh'Ch RT'\f].SD errors
served, and it has a highly restricted wobbling motion oveAPProach the experimentatly Observed error. -1his region is
. shown in detail in Fig. 4b and corresponds to the best
this temperature range. . . i .
solution found in our analysis. It shows that for an experi-
mental accuracy of 2%, the precision on the angknd 8
Analysis without axial symmetry which characterize the cholesterol orientation-i$® for 8
assumption at 30°C and =5° for v.
The axial symmetry hypothesis, which is often used in the Fig. 5 ShOWS. thg error level pontours optalned the same
. A : : way as those in Fig. 4, but with the assignment of the
analysis of lipid bilayers in the fluid phase, could seldom be . : . . . .
o . ! . vector involving deuteron in position 6 fixed, and assign-
verified experimentally. Our data provided an ideal way of o . .
L ments of positions 7a and 7e constrained to an interchange
doing it. . . -
. . . between these two nuclei only. With these restrictions, the
Results of the calculations (performed as described N 1ot shows that onlv a subset of reqions is acceptable. Our
Materials and Methods) were filtered according to twoP y 9 b i

criteria. First, the error between the observed and generatezyStema“C study highlighted the following points about

- - determining orientation and order parameter of a molecule
quadrupolar splittings should be below the level of experi= " membrane by using this approach:
mental error £-2%). Secondly, the solution should be phys- '
ically acceptable, i.e., the values of order parameters deter—The coordinates used in the analysis play a crucial role
mined from numerical analysis should be contained in the and must be very precise. This is an important limitation
interval (—0.5; 1). Very few results satisfied these two of the method, because neutron diffraction structures may
criteria simultaneously, and it was clear from the analysis of not always be available. Structures of cholesterol ob-
the results that, again, only the structure obtained from tained by molecular mechanics are not satisfactory in this
neutron scattering data was capable of producing coupling respect, and our work reveals that current force fields
patterns close to those observed experimentally. Other need to be further optimized with respect to hydrogen
structures gave results with errors larger than 10%, i.e., atom positions. It can be mentioned here that one could
much larger than that experimentally observe@%o). The have combined solid state NMR data with x-rays, if one
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FIGURE 4 Influence of the error level on the uniqueness of data anal€r'S quoteds, o =
ysis. Using the accurate neutron cholesterol structure, we plotted RMSEet al. (1992) reporte&,,, =
contour plots as a function of the anglBgy, without assignment of the

spectrum. § whole range of3,y values: contours at RMSD 2.5% and 5%
(thick lineg, 7.5% and 10%thin lineg. (b) enlargement of the area of

minimum RMSD: RM

beta

SD at 1%, 2%, 3%, 4%, 5%, and 6%.

—If the coordinates are not very accurate and/or the exper-
imental data are not very precise, it is essential to obtain
the deuteron assignments from independent measure-
ments. Otherwise, the problem is underdetermined (see
Fig. 4). In this respect, new methods for assigning deu-
terium NMR spectra are of utmost importance (Auger et
al., 1997).

—The axial symmetry hypothesis could be safely used to
interpret the data.

—Internal mobility did not need to be included in the
calculations at the level of precision (2%) at which we
were analyzing the data. If it is present, it has to be of low
amplitude because a global order parametgy, $f
0.96 + 0.01 was found (S = 0.94* 0.01 without axial
symmetry).

Using different structural data, namely x-ray coordinates
of cholesterol laurate, Taylor and Dufourc (Taylor et al.
1981; Dufourc et al. 1984; lonard and Dufourc, 1991)
reported molecular order parameters ranging from 0.6 to 0.9
depending on cholesterol concentration, lipid nature, and
temperature. Interestingly, it appears that the molecular
ordering does not change much with temperature when
cholesterol concentrations in phospholipids 2120 mol %
(Léonard and Dufourc, 1991). To compare with the present
results, it is interesting to quote some values. Taylor and
coworkers reporte&,,,, = 0.89 for 40 mol % cholesterol in
egg PC at room temperature, whereas Dufourc and cowork-
0.8 for 30 or 50 mol % in DMPC. Weisz
0.85 for 40 mol % cholesterol
in DMPC at ambient temperature. All these values are
markedly lower than what we found for 30 mol % choles-
terol in DMPC. Deviations range between 5-17% and are
clearly due to the intrinsic inaccuracy of the proton x-ray
coordinates and NMR data, as shown in the Results section.

would have worked on the carbons skeleton, i.e., used the It is interesting at this level of the discussion to comment

very accurate carbon coordinates and d|pd|%3 Bc
NMR interaction (Sanders and Prestegard, 1991) on

13C-labeled cholesterol molecule.
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FIGURE 5 Same as Fig. 4, but with restriction on the assignment of

deuterons 6 and 7.
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on the implications of a cholesterol order parameter greater
than that determined up to now. The molecular order pa-
rameter is an accurate description of the so-called wobbling
in a cone of rigid moieties. It is clear from the above that the
dynamics of cholesterol appears to be adequately described
by an anisotropic rapid diffusion in a cone of semi-angle of
only a few degrees. Quantitative values for this semi-angle
depend very much on the nature and strength of the orient-
ing potential. But it is clear that a drastic reduction can be
predicted wherf,,, goes from 0.8 to 0.94. Thus, the am-
plitude of cholesterol wobbling is very small indeed.

Order parameters are also used in calculating the thick-
ness of lipid bilayers. Recently, Douliez et al. (1995) re-
ported that the average length of a hydrocarbon phospho-
lipid chain could be calculated from measurement of
intramolecular and intermolecular (also simply called mo-
lecular) order parameters. In their Eq. 18, Sappears in
the term (1+ V1 + 8S,,)/4. ChangingS,,, from 0.8 to
0.94 leads to an increase in the estimated hydrophobic
length of each hydrocarbon chain by 5%, i.e., 0.5-0.7 A. In
their study the authors also reported thagg, variation
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from 0.7 to 1 was leading to an increased estimation of théouliez J. P., A. Leonard and E. J. Dufourc. 1995. Restatement of order
; _RNO0, i~ Parameters in biomembranes: calculation of C-C bond order parameters

humber of gauche defeCtS. per Cha.m by 30-60%. Qhanglng from C-D quadrupolar splittingsBiophys. J.68:1727-1739.
Snor from 0.8 to 0.94 will thus increase the estimated ) .

b f he defects by 15-30% Douliez, J. P., A. Lenard, and E. J. Dufourc. 1996. Conformational order
number of gauche ae y 0. of DMPC sn-1 versus sn-2 chains and membrane thickness: an approach

Finally, the molecular order parameter and the average to molecular protrusion by solid statel-NMR and neutron diffraction.

orientation of cholesterol in a DMPC bilayer, determined by J: Phys. Cheml00:18450-18457.
Taylor et al. in 1981, have been used several times ifpufourc, E. J., C. Mayer, J. Strohrer, G. Althoff, and G. Kothe. 1992.

. . - . : Dynamics of phosphate head groups in biomembranes: comprehensive
quantitative analysis of NMR relaxation times in order to analysis using phosphorus-31 nuclear magnetic resonance lineshape and

extract correlation times for the various movements present relaxation time measuremen®iophys. J61:42-57.

in a bilayer (Mayer, 1990; Weisz, 1992). Although the pufourc, E. J., E. J. Parish, S. Chitrakorn, and I. C. P. Smith. 1984. Struc-
molecular order parameters of cholesterol and phospholip- tural and dynamical details of cholesterol-lipid interaction as revealed by
ids may not necessarily be the same, our new data may deuterium NMR Biochemistry23:6062-6071. _ _
necessitate modification of the results of such analyses to dfmsley. J. W. 1985. NMR of liquid crystals. In NATO series, D. Reidel,
. . . Dordrecht.
extent which remains to be determined. _
Faure C., J. F. Tranchant, and E. J. Dufourc. 1996. Comparative effects of
cholesterol and cholesterol sulfate on hydration and ordering of di-
myristoylphosphatidylcholine membrandsophys. J.70:1380-1390.

CONCLUSION Franks, N. P., and W. R. Lieb. 1979. The structure of lipid bilayers and the

L . effects of general anaesthetics. An X-ray and neutron diffraction study.
A restatement of cholesterol ordering in biomembranes has ;"¢ 5. 5" 55. 469 500,

been proposed and several computer programs have beggbdoulline R. R., G. Vanderkoii, and C. Zheng. 1996. Comparison of the

developed to facilitate the analysis of quadrupolar splitting  structure of dimyristoylphosphatidylcholine in the presence and in the
in an oriented sample and the extraction of molecular order absence of cholesterol by molecular dynamics simulatidnsPhys.

parameters. These findings contribute to a more accurate €nem-100:15942-15946.

description of molecular ordering of cholesterol in one®0ad L.J. M.A. Breen, N.B. Rendell, M. E. Rose, and A. P. Wade.
1982. Synthesis of deuterium labeled cholesterol and steroids and their

specific model membrane system. In order to fully under- <& 'or metabolic studiesipids. 17:982-991.

stand the mechanism of ChOIeSterOI'"pid interactions a‘nquuenke, L.D., and J. C. Craig. 1979. Labeled Compd. Radiopharm.
the biological role of cholesterol, the strategy developed 16:495-499.

herein should now be extended to a variety of model bi+ong, M., K. Schmidt-Rohr, and D. Nanz. 1995. Study of phospholipid
omembranes, considering different cholesterol concentra- structure by*H, **C, and*P dipolar couplings from two-dimensional
tion, fatty acyl length and degree of unsaturation, polar NMR: Biophys. J69:1939-1950.

headgroups, and several natural lipid mixtures, in order tgarell. H.C.. P. A. Jovall, J.B. Giziewicz, L. A. Tumer, and I.C. P.
. . . . Smith. 1987. Determination of conformational properties of glycolipid
account for the great diversity of lipids found in natural ead groups by 2H NMR of oriented multibilayeBiochemistry.26:

membranes. 1805-1811.

Leonard, A., and E. J. Dufourc. 1991. Interactions of cholesterol with the
membrane lipid matrix: a solid state NMR approad&iochimie. 73:
We thank Dr. Y. H. Sanejouand for molecular dynamics simulations of 1295-1302.

cholesterol using the CHARMM force field. Mayer, C., K. Gidner, K. Muller, K. Weisz, and G. Kothe. 1990. Orien-
tation-dependent deuteron spin-lattice relaxation times in bilayer
membranes: characterization of the overall lipid moti@hem. Phys.
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